Inflammatory bowel disease (IBD) is a group of chronic, relapsing, immunological, inflammatory disorders of the gastrointestinal tract including ulcerative colitis (UC) and Crohn's disease (CD). It has been reported that UC, which is studied using a dextran sodium sulfate (DSS)-induced colitis model, is associated with the production of reactive oxygen species (ROS) and the apoptosis of intestine epithelial cells (IEC). Mitochondrial NADP +dependent isocitrate dehydrogenase (IDH2) has been reported as an essential enzyme in the mitochondrial antioxidant system via generation of NADPH. Therefore, we evaluated the role of IDH2 in DSS-induced colitis using IDH2-deficient (IDH2 -/-) mice. We observed that DSS-induced colitis in IDH2 -/mice was more severe than that in wild-type IDH2 +/+ mice. Our results also suggest that IDH2 deficiency exacerbates PUMA-mediated apoptosis, resulting from NF-κB activation regulated by histone deacetylase (HDAC) activity. In addition, DSSinduced colitis is ameliorated by an antioxidant N-acetylcysteine (NAC) through attenuation of oxidative stress, resulting from deficiency of the IDH2 gene. In conclusion, deficiency of IDH2 leads to increased mitochondrial ROS levels, which inhibits HDAC activity, and the activation of NF-κB via acetylation is enhanced by attenuated HDAC activity, which causes PUMA-mediated apoptosis of IEC in DSS-induced colitis. The present study supported the rationale for targeting IDH2 as an important cancer chemoprevention strategy, particularly in the prevention of colorectal cancer. -), hydroxyl radicals (HO·), and hydrogen peroxide (H 2 O 2 ), are produced in vivo as by-products of aerobic metabolism, and also as defense mechanisms in immune cells against pathogens, intracellular signaling pathways as messengers, and from environmental factors such as radiation and xenobiotic compounds [19] . These ROS oxidize biological macromolecules such as proteins, lipids, and nucleic acids, which cause damage to the cell [20] . In order to defend against damage by ROS, cells are equipped with elaborate anti-oxidant defense systems. These http://dx.
Introduction
Inflammatory bowel disease (IBD) is a group of chronic, relapsing, immunological, inflammatory disorders of the gastrointestinal tract, including ulcerative colitis (UC) and Crohn's disease (CD) [1, 2] . IBD causes various symptoms such as loss of bodyweight, abdominal pain, and diarrhea with blood [3] . According to numerous studies, IBD is associated with genetic and environmental factors, immunological disorders, and the production of reactive oxygen species (ROS). However, the pathogenesis of IBD remains poorly understood [1] [2] [3] [4] [5] [6] .
Dextran sodium sulfate (DSS) is a sulfated polysaccharide contain-ing~17% sulfur with up to three sulfates groups per glucose molecule. The DSS-induced mouse model of colitis is one of the most widely used models that mimic UC-like disease in humans [7] . Oral administration of DSS in spring water to mice results in inflammation in the mid-distal colon, similar to the human IBD symptom. This leads to decreased body weight, bloody diarrhea, and eventually death in a time-and dosedependent manner [8, 9] . Colitis is associated with apoptosis in human UC [10] [11] [12] [13] , and DSS-induced mouse colitis is associated with apoptosis of intestine epithelial cells (IEC) [13] [14] [15] . Under normal conditions, apoptosis not only plays a role in homeostasis through maintaining cell amounts in tissues, but also in defense mechanisms when cells are impaired by disease or toxins. However, when these toxins, such as radiation, toxic agents, or ROS, exceed the threshold, apoptosis is elevated in an uncontrollable manner and consequently, this abnormal apoptosis causes a set of diseases [16, 17] .
Among many causative factors, ROS has a crucial role in the induction of apoptosis [18] . ROS such as superoxide anions (O 2 defense systems include anti-oxidant enzymes such as superoxide dismutase (SOD), catalase, glutaredoxin, and preoxiredoxin, and antioxidant-related enzymes such as reduced glutathione (GSH) and NADPH [21] . When these antioxidant systems are impaired by increased ROS production from environmental factors or lack of cellular antioxidant capacity, it causes a number of diseases in human [22, 23] .
The mitochondrial NADP + -dependent isocitrate dehydrogenase (IDH2) catalyzes the conversion of isocitrate to α-ketoglutarate, producing NADPH from NADP + in mitochondria [24] . NADPH is an essential reducing equivalent for both the thioredoxin and glutathione systems [25] . Therefore, IDH2 is implicated as a critical antioxidant enzyme in the regulation of redox status and reduction of oxidative stress-induced damage [26] . Recently, it was reported that knockout of the IDH2 gene exacerbates dopaminergic neurotoxicity [26] and cardiac hypertrophy [27] . In the present study, we used IDH2 deficient mice to investigate the functional relationship between IDH2 and colonic injury in the DSS colitis model.
Materials and methods

Animal care and experimental protocols
All animal experiments were reviewed and approved by the Kyungpook National University Institutional Animal Care and Use Committee. Experiments were performed using 8-week-old male C57BL/6 mice with different genotypes, including wild-type IDH2 +/+ and knockout IDH2 -/mice, generated by breeding and identified by PCR genotyping, as previously described [28] . The mice were housed in microisolator rodent cages at 22°C with a 12 h light/dark cycle and allowed free access to water and standard mouse chow. The mice were divided into four groups, with 7-12 mice per group (WT, WT + DSS, KO, KO + DSS). Colitis was established by administration of 2% DSS in drinking water for 7 consecutive days. Rodents surviving during the period after administration were calculated according to the Kaplan-Meier method. For the N-acetylcysteine (NAC) experiment, mice were pretreated with NAC (100 mg/kg) for 3 days, and treatment was continued during DSS administration for 1 week, induced by intraperitoneal injection.
Evaluation of colitis
The disease activity index (DAI) of colitis was determined by scoring the loss of weight, stool consistency, and stool bleeding in accordance with the method described previously [29, 30] . The DAI value was evaluated by an observer unaware of the treatment groups.
Histological analysis
For histopathological scores, colon tissue samples were fixed in 4% paraformaldehyde and then soaked in 30% sucrose in PBS. After cryoprotection, the tissue was embedded in OCT compound and cryosectioned into slices 3 µm in thickness. The histological scores were measured by hematoxylin and eosin (H & E)-stained sections of mice colon, which showed damage and severe infiltration. Crypt injury and inflammation was evaluated by an observer unaware of the treatment groups [31] . For Periodic Acid Schiff (PAS) staining, colon tissue samples were prepared as described for H & E staining and examined using the PAS staining kit (Sigma, St Louis, MO) following the manufacturer's protocol. The histological scores were calculated as increased mucus production was observed in PAS-stained sections of mice colon. H 2 O 2 level was measured using 3,3-diaminobenzidine-HCl (DAB). Briefly, cryosectioned colon tissue, 3 µm in thickness, was incubated for 2 h at 37°C in 0.1 M HEPES buffer (pH 7.4) containing glucose (1 mg/ml) and DAB (1 mg/ml), in turn, washed with normal saline (0.9% NaCl) twice, and counterstained using hematoxylin. DABstained slides were mounted on glass slides, and both were analyzed under an Axiovert 40 CFL microscope (Carl Zeiss AG; Oberkochen, Germany).
Immunohistochemistry and immunofluorescence
Antibodies were purchased from the following sources: anti p53upregulated modulator of apoptosis (PUMA), anti c-caspase 3, anti c-PARP, anti acetyl-H3, and anti acetyl-H4 (Cell Signaling Technology, Danvers, MA), anti p65 (Santa Cruz Biotech, Santa Cruz, CA), anti acetyl-p65 (Genentech, South San Francisco, CA), anti 4-hydroxynonenal (HNE) (AbCam, Cambridge, MA, USA), anti NADPH (Biorbyt, Cambridge, UK) and anti 8-hydroxy-2′-deoxyguanosine (8-OHdG) (Millipore, Milford, MA). Three-micrometer thick colon sections were rinsed in PBS, and incubated overnight at 4°C with the appropriate primary antibodies. The colon sections were then washed with PBS, and incubated with the appropriate fluorophore-conjugated, or biotinylated secondary antibody processed with an avidin-biotin complex kit (VECTASTAIN ABC Kit; Vector Laboratories, Burlingame, CA, USA). Biotinylated secondary antibody was visualized with 3,3-diaminobenzidine-HCl (DAB). Fluorescent antibody stained slides were then treated with an anti-photo bleaching reagent and sealed with cover glass, and DAB stained slides were mounted on glass slides. Both were analyzed under an Axiovert 40 CFL microscope (Carl Zeiss AG; Oberkochen, Germany).
Myeloperoxidase (MPO) activity
MPO activity was determined as a measure of neutrophil activity. Colon tissues (50 mg) were washed, homogenized in 50 mM potassium phosphate buffer (pH 6.0) at a ratio of 50 mg tissue to 1 ml buffer, and then centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was discarded, and the pellet was homogenized in 300 μl of potassium phosphate buffer containing 0.5% hexadecyltrimethylammonium bromide (HTAB; Sigma, St Louis, MO). The suspension was sonicated for 20 s on ice, and then centrifuged at 10,000 rpm for 30 min at 4°C. The supernatant was blended with an enzyme substrate buffer containing 0.167 mg/ml O-dianisidine hydrochloride (Sigma, St Louis, MO) and 0.0005% hydrogen peroxide. The changes for MPO activity were determined using absorbance values measured at 405 nm.
Immunoblot analysis
Antibodies were purchased from the following sources: anti GSH (Virogen, Waterstown, MA), anti nitrotyrosine (AbCam, Cambridge, MA), anti dinitophenol (DNP) (Sigma, St Louis, MO), anti PUMA (Cell Signaling Technology, Danvers, MA). Conventional immunoblotting protocols were applied to detect the target proteins. Total proteins were separated on 10-12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes. Subsequently, the membranes were incubated with primary antibodies overnight at 4°C. After washing, the membranes were incubated with horseradish peroxidase-labeled secondary antibodies, and immune reactive antigens were detected with an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining
To evaluate apoptosis, colon tissue sections were used for TUNEL staining using the In Situ Cell Death Detection Kit (Roche, Basel, Switzerland), according to the manufacturer's recommended protocol. TUNEL-stained slides were lightly counterstained with 4′,6-diamidino-2-phenylindole (DAPI) before final mounting. The stained slides were analyzed under an Axiovert 40 CFL microscope (Carl Zeiss AG; Oberkochen, Germany).
Statistical analysis
Results are shown as the mean ± SD. Analyses were performed using a two-tailed t-test. P-values < 0.05 were considered statistically significant.
Results and discussion
DSS-induced colitis in IDH2 -/mice
To test whether IDH2 plays a role in induction of DSS-induced acute colitis, IDH2 +/+ and IDH2 -/mice were exposed to 2% DSS in their drinking water for 7 consecutive days. When we observed the survival rate of DSS-induced acute colitis, there was remarkable change in mortality between IDH2 +/+ and IDH -/mice. IDH2 -/mice had a 57.1% survival rate at 7 days; however, none of the IDH2 +/+ mice died during the study period ( Fig. 1A) , reflecting the observed IDH2 -/preference for DSS susceptibility. As we observed the survival rate of the mice, we explore the severity of colitis in detail by evaluating the DAI value of IDH2 +/+ and IDH2 -/mice under DSS treatment. UC is known to cause loss of bodyweight, abdominal pain, and bloody diarrhea [1, 2] . We observed that the DAI value was dramatically enhanced in the mice with IDH2 -/compared to those in the IDH2 +/+ group (Fig. 1B) . These results suggest that IDH2 -/is highly susceptible to DSS-induced colitis. It is well known that DSS-induced colitis affects the colon, therefore; after DSS administration for 1 week, the mice were sacrificed, and the colon length was measured. After 1 week of DSS exposure, the mean length of the colons from IDH2 -/mice was significantly shorter than that of the colons from the control mice without DSS exposure (Fig. 1C) .
To determine the histological characteristics of colons influenced by DSS in detail, we performed freeze-sectioning of the colon tissue. Oral administration of 2% DSS for 1 week resulted in colitis-associated histologic alterations, including shortening of colonic crypts, infiltration of inflammatory cells into the lamina propria, and separation of the crypt base from the muscularis mucosae. Increased DSS-induced histological basis of colitis severity was found in IDH2 -/mice as compared with their wild-type counterparts ( Fig. 1D and Fig. 1E ). Neutrophils are the hallmark infiltrating leukocytes in the DSS-induced inflamed colon [32] . The level of neutrophil infiltration into the colon and the degree of damage on the crypts of IDH2 +/+ mice and IDH2 -/mice was evaluated. The score of IDH2 -/mice was higher than that of IDH2 +/+ mice (Fig. 1F ). Intestinal MPO activity was measured as an indicator of the extent of neutrophil infiltration. The MPO activity appeared to be significantly higher in the IDH2 -/mice compared to DH2 +/+ mice when exposed to DSS (Fig. 1G ). Thus, IDH2 deficiency aggravates colitis survival and seems to be associated with increased accumulation of neutrophils. Collectively, these results suggest that the presence of the IDH2 gene has a strong effect on DSS-induced colitis. However, why the absence of the IDH2 gene aggravates DSS-induced colitis remained unclear. Therefore, we further explored the detailed mechanism of DSS-induced colitis in IDH2 -/mice.
IEC apoptosis of DSS-induced colitis in IDH2 -/mice
It has previously been reported that DSS-induced colitis is related to IEC apoptosis [10] [11] [12] [13] [14] [15] . To study the role of IDH2 in IEC apoptosis, we performed TUNEL staining with colon tissue removed from DSSinduced colitis IDH2 +/+ and IDH2 -/mice. As shown in Fig. 2A , more TUNEL stained spots were observed in IDH2 -/mice than in IDH2 +/+ mice ( Fig. 2A) . In order to confirm the induction of IEC apoptosis, we stained cleaved PARP and cleaved caspase 3 as active forms in colon tissue. In agreement with the data in Fig. 2A , these signals were increased in IDH2 -/mice compared to IDH2 +/+ mice ( Fig. 2B and  Fig. 2C ). Next, we evaluated why the level of apoptosis in IDH2 -/mice was higher than in IDH2 +/+ mice. It has been reported that PUMAmediated apoptosis is associated with DSS-induced colitis [13] . Therefore, we confirmed the PUMA level in DSS-induced mice colon tissues. The PUMA level in IDH2 -/mice was elevated in comparison to that in IDH2 +/+ mice ( Fig. 2D and Fig. 2E ). These results suggest that the difference in severity of colitis depends on the presence of the IDH2 gene due to the level of apoptosis. PUMA is directly activated by NF-κB, a key player in intestinal inflammation [33] . NF-κB is a key transcrip- tion factor involved in promoting the pro-inflammatory mediators [34] . Although NF-κB is indispensable for maintaining immune functions, its excessive activation leads to stimulation of immune cells, resulting in inflammation [35] . Recently, it has been noted that acetylation of p65 plays an important role in regulation of NF-κB activation [36] . Acetylated p65 is subsequently deacetylated by histone deacetylase (HDAC) [36, 37] , which promotes binding to IκBα. Thus, it has been proposed that deacetylation of p65 by HDAC represents the intracellular switch controlling the activation status of NF-κB [36] . Accumulating evidence suggests that HDAC regulates not only the acetylation levels of H3 and H4 underlying nucleosomes, but also the activity of NF-κB in a number of ways [38] . Therefore, we observed the activation of NF-κB through p65 acetylation in colon tissue of DSS-induced colitis in IDH2 +/+ and IDH2 -/mice. The activation of NF-κB reflected by the acetylation of p65 in the colon tissue of IDH2 -/mice was higher than that in IDH2 +/+ mice (Fig. 2F ). In addition, we determined the activity of HDAC indirectly through evaluation of the acetylation levels of H3 and H4. As shown in Fig. 2G and Fig. 2H , significantly higher levels of acetylated H3 and H4 were observed in the colon tissue from IDH2 -/mice compared to that from IDH2 +/+ mice. Taken together, these results suggest that the apoptosis level in IDH2 deficient mice was elevated by increased levels of PUMA, resulting from enhanced NF-κB activation by suppression of HDAC activity.
Modulation of redox status in colon tissues of IDH2 -/mice
The major enzyme to generate mitochondrial NADPH is the mitochondrial isoenzyme IDH2 [26] . Thus, deficiency of IDH2 activity may induce an imbalance of the redox status in mitochondria, which subsequently increases the vulnerability of colon cells to DSS. In order to elucidate the mechanisms by which deficiency of IDH2 leads to an increase in apoptosis, resulting from the HDAC/NF-κB/PUMA axis, we attempted to analyze the redox status. It has been reported that the activity of HDAC is affected by oxidative stress [38, 39] , while IDH2 plays an important role in the activity of anti-oxidant enzymes [24] . Therefore, we hypothesized that the effect of IDH2 deficiency on the redox status affects the activity of HDAC. We observed the redox status in mitochondria of DSS-induced colitis using IDH2 -/and IDH2 +/+ mice. The redox status of IDH2 -/mice was impaired more than that of IDH2 +/+ mice as reflected by a decrease in NADPH and an increase of glutathionylated proteins in colonic tissues (Fig. 3A and Fig. 3B ). There are numerous oxidative stress-induced conditions during which the redox status and GSH/GSSG ratio are perturbed [40] . Protein Sglutathionylation is a post-translational modification of protein sulfhydryl groups that occurs under oxidative stress [41] . The elevated ROS levels in the colonic tissues of DSS-induced colitis, which were measured as the increased level of H 2 O 2 through DAB staining ( Fig. 3C) , and oxidative damage, such as lipid peroxidation (Fig. 3D ), oxidative DNA damage (Fig. 3E ), and protein oxidation (Fig. 3F ) were significantly higher in IDH2 -/mice compared to IDH2 +/+ mice. Lipid peroxidation was measured for the HNE protein adduct analysis using an anti-HNE antibody, and the levels of oxidative protein damage were measured by determining the number of derivatized carbonyl groups on oxidized proteins by immunoblotting [28] . Oxidative DNA damage was evaluated by measuring the level of 8-OH-dG adducts in DNA using an 8-OH-dG antibody [42] . In addition, the nitrotyrosine immunoreactivity was found to be relatively stronger in IDH2 -/mice compared with IDH2 +/+ mice, which indirectly reflects the higher level of reactive nitrogen species (RNS) in IDH2 -/mice (Fig. 3G) . These results supported the notion that deficiency of the IDH2 gene deteriorates the redox status and inhibits the activity of HDAC. Therefore, our results suggest that increased ROS production aggravates DSS-induced colitis through IEC apoptosis, resulting from the PUMA/NF-κB/HDAC axis.
Protective effects of NAC against DSS-induced colitis
To confirm the influence of increased oxidative stress on DSSinduced colitis, we evaluated the effect of NAC on the treatment of UC caused by DSS in IDH2 mice. It was previously shown that NAC reduced oxidative stress by improving the thiol redox status [43] . We evaluated the DAI value of DSS-administered IDH2 -/mice treated with NAC against IDH2 -/mice administered only DSS. As shown in Fig. 4A , IDH2 -/mice treated with DSS alone had a higher rated score than DSSadministered IDH2 -/mice with NAC ( Fig. 4A ). After the mice were sacrificed, we measured the colon length of both the DSS-only intake group and the DSS with NAC group. The colon length of the DSS with NAC-treated group was longer than that of the DSS-only group (Fig. 4B) . Additionally, the colon morphology and histological score of DSS-induced colitis in the NAC and DSS-treated group were ameliorated compared to that in the DSS-only treated group (Fig. 4C  and Fig. 4D ). To demonstrate whether NAC affects the molecular mechanisms involved in DSS-induced colitis, we attempted to analyze apoptosis and the HDAC/NF-κB/PUMA axis. We performed TUNEL staining with colon tissue of the NAC with DSS-treated group and the DSS-only treated group. The TUNEL staining signal for the NAC with DSS-treated group was increased compared to that of the DSS-only treated group (Fig. 4E) . In relation to apoptosis, we evaluated the level of PUMA in colon tissue. The PUMA levels in the DSS with NAC-treated group were observed to be elevated compared to those of the DSS-only treated group (Fig. 4F) . Next, we observed the activity of NF-κB through acetylation in the colon tissue of both the NAC with DSS and DSS-only treated groups. The activity of NF-κB in the NAC and DSS-treated group was elevated compared to that of the DSS-only treated group (Fig. 4G) . Additionally, we observed the levels of H3 and H4 acetylation in colon tissue of both the NAC with DSS and DSS-only treated groups. The levels of acetylation in H3 and H4 of the NAC with DSS treated-group were significantly increased compared to that of the DSS-only treated group (Fig. 4H and Fig. 4I ). These results suggest that DSS-induced colitis is ameliorated by NAC through protection against oxidative stress, which results from deficiency of the IDH2 gene. In conclusion, deficiency of IDH2 leads to increased ROS levels, which inhibits HDAC activity. In turn, the activation of NF-κB is enhanced by attenuated HDAC activity, causing PUMA-mediated apoptosis in IEC in DSSinduced colitis.
In summary, in this present study, we show that IDH2-deficient mice have an increased susceptibility to DSS-induced colitis, possibly due to modulation of the redox status, with a concomitant increase in PUMA-mediated apoptosis presumably through the PUMA/NF-κB/ HDAC axis. The present study supports the rationale of targeting IDH2 as an important cancer chemoprevention strategy, particularly in the prevention of colorectal cancer.
